A strand-specific DNA sensory method is described based on surface-bound peptide nucleic acids and water-soluble cationic conjugated polymers. The main transduction mechanism operates by taking advantage of the net increase in negative charge at the peptide nucleic acid surface that occurs upon single-stranded DNA hybridization. Electrostatic forces cause the oppositely charged cationic conjugated polymer to bind selectively to the ''complementary'' surfaces. This approach circumvents the current need to label the probe or target strands. The polymer used in these assays is poly[9,9-bis(6-N,N,N-trimethylammonium)hexyl)fluoreneco-alt-4,7-(2,1,3-benzothiadiazole) dibromide], which was specifically designed and synthesized to be compatible with excitation sources used in commonly used DNA microarray readers. Furthermore, the utility of poly[9,9-bis(6-N,N,N-trimethylammonium)-hexyl)fluorene-co-alt-4,7-(2,1,3-benzothiadiazole) dibromide] has been demonstrated in homogenous and solid-state assays that involve fluorescence resonance energy transfer to a reporter dye (Cy5) and that can benefit from the light harvesting properties observed in water-soluble conjugated polymers.
A strand-specific DNA sensory method is described based on surface-bound peptide nucleic acids and water-soluble cationic conjugated polymers. The main transduction mechanism operates by taking advantage of the net increase in negative charge at the peptide nucleic acid surface that occurs upon single-stranded DNA hybridization. Electrostatic forces cause the oppositely charged cationic conjugated polymer to bind selectively to the ''complementary'' surfaces. This approach circumvents the current need to label the probe or target strands. The polymer used in these assays is poly[9,9-bis(6-N,N,N-trimethylammonium)hexyl)fluoreneco-alt-4,7-(2,1,3-benzothiadiazole) dibromide], which was specifically designed and synthesized to be compatible with excitation sources used in commonly used DNA microarray readers. Furthermore, the utility of poly[9,9-bis(6-N,N,N-trimethylammonium)-hexyl)fluorene-co-alt-4,7-(2,1,3-benzothiadiazole) dibromide] has been demonstrated in homogenous and solid-state assays that involve fluorescence resonance energy transfer to a reporter dye (Cy5) and that can benefit from the light harvesting properties observed in water-soluble conjugated polymers.
peptide nucleic acid probe ͉ polyelectrolytes ͉ fluorescence energy transfer M ethods for the detection of nucleic acids are highly significant in identifying specific target and in understanding their basic function. Hybridization probe technologies continue to be one of the most essential elements in the study of gene-related biomolecules (1) (2) (3) . They are useful for a variety of commercial and scientific applications, including the identification of genetic mutations or single-nucleotide polymorphisms (SNPs), medical diagnostics, gene delivery, assessment of gene expression, and drug discovery (4) (5) (6) (7) (8) (9) . Heterogeneous formats for performing such hybridization probe assays have become increasingly common and powerful with the advancement of gene chip and DNA microarray technologies (10) (11) (12) (13) . Such systems allow for high-throughput screening of hundreds to thousands of genes in a single experiment.
Homogeneous DNA assays with increased sensitivity, relative to small molecular counterparts, have recently appeared that take advantage of the optical amplification afforded by conjugated polymers (14) (15) (16) (17) . The emission intensities of acceptor chromophores on hybridization probes are magnified, relative to direct excitation, when the absorption coefficient of the polymer is large and the fluorescence resonance energy transfer (FRET) from the polymer to the acceptor is efficient (18) . Conjugated polymers offer other transduction mechanisms, for instance, their optical properties can be modified upon complexation with dsDNA or ssDNA (19) (20) (21) (22) .
One successful DNA-sensing method involves the use of labeled peptide nucleic acids (PNAs) and cationic conjugated polymers (CCPs). The assay, shown in Scheme 1, takes advantage of electrostatic interactions typical of oppositely charged polyelectrolytes (23) . There are three components in the assay: a CCP (in orange), a PNA-C* (in black), where C* is a reporter fluorophore, and the negatively charged target ssDNA, which may be complementary (in red) or noncomplementary (in green) to the PNA sequence. The PNA-C* and the ssDNA are first treated according to hybridization protocols, and the CCP is added to the resulting solution. If the ssDNA does not hybridize, one encounters situation A in Scheme 1, where the ssDNA and the CCP are brought together by nonspecific electrostatic forces. The PNA-C* is not incorporated into the electrostatic complex. Situation B in Scheme 1 shows that when the PNA-C* and the complementary ssDNA hybridize, the CCP binds to the duplex structure. If the optical properties of the CCP and the C* are optimized, then selective excitation of the CCP results in very efficient FRET to C*. One can therefore monitor the presence of specific ssDNA sequences by monitoring the C* emission or the CCP-to-C* emission ratio. Scheme 1 is specific to PNA͞DNA interactions; however, other similar assays have appeared that incorporate peptide͞RNA, DNA͞ DNA, and RNA͞RNA recognition pairs (24) (25) (26) (27) (28) (29) .
Widespread incorporation of Scheme 1 into microarray assays has not been accomplished thus far, primarily because of a lack of CCP structures that can be excited at 488 nm and are strongly emissive in the solid state. This excitation wavelength is commonly used in many instruments that perform programmed changes in temperature for PCRs and in microarray readers. Large fluorescence quantum efficiencies (⌽s) are required for increased sensitivity.
In this contribution, we disclose the design and synthesis of poly[9,9Ј-bis(6ЈЈ-N,N,N-trimethylammonium)hexyl)f luoreneco-alt-4,7-(2,1,3-benzothiadiazole) dibromide] (PFBT) (Scheme 2). This polymer meets the optical requirements stated above. We further demonstrate that the basic recognition and optical properties of Scheme 1 can be extended to solid-state assays. The availability of PFBT also allowed us to create a hybridization test that circumvents the need to label target ssDNA.
Materials and Methods
General Details. The 1 H and 13 C NMR spectra were collected on a Varian ASM-100 200 MHz spectrometer. The UV-Vis absorption spectra were recorded on a Shimadzu UV-2401 PC diode array spectrometer. Fluorescence was measured by using a PTI (Lawrenceville, NJ) Quantum Master fluorometer equipped with a xenon lamp excitation source and a Hamamatsu Photonics (Hamamatsu City, Japan) 928 PMT, by using 90°angle detection for solution samples. Fluorescence intensities were determined as the integrated area of the emission spectra and FRET ratios were calculated as the area of the acceptor (Cy5) over the area of the donor (PFBT). Solid-state fluorescence samples were examined either by using a Bio-Rad Molecular Imager FX or a PTI Quantum Master fluorometer. HPLC-purified DNA oligo-nucleotides were obtained from Sigma Genosys, and the concentrations were determined by using 260-nm absorbance measurements in 200-l quartz cells in a Beckman Coulter DU800 spectrophotometer. The HPLC-purified PNA probes were purchased from Applied Biosystems and used as received. Water used was distilled and deionized by using a Millipore filtration system. All other reagents were obtained from Aldrich (Milwaukee, WI) and were used as received. , and potassium carbonate (830 mg, 6 mmol) were placed in a 25-ml round-bottom flask. A mixture of water (3 ml) and toluene (6 ml) was added to the flask and the reaction vessel was degassed. The resulting mixture was heated at 85°C for 20 h and then added to acetone. The polymer was filtered and washed with methanol and acetone and then dried under vacuum for 24 h to afford PFBT precursor (105 mg, 65%) as a bright-yellow powder. 1 PFBT. Condensed trimethylamine (2 ml) was added dropwise to a solution of the neutral precursor polymer (70 mg) in tetrahydrofuran (10 ml) at Ϫ78°C. The mixture was then allowed to warm up to room temperature. The precipitate was redissolved by addition of water (10 ml). After the mixture was cooled down to Ϫ78°C, more trimethylamine (2 ml) was added and the mixture was stirred for 24 h at room temperature. After removing most of the solvent, acetone was added to precipitate PFBT (72 mg, 89%) as a light brown powder. 1 Protocols for Polymer Amplified Microarray Detection. Slide preparation. Glass slides (72 ϫ 22 mm) (Corning) were cut into 10 ϫ 10 mm 2 pieces. The substrates were soaked in 10% NaOH overnight and then rinsed with diionized (DI) water three times. After 5 min of sonication in DI water, the slides were washed with 1% HCl, with water, and finally with methanol. The slides were then transferred into a jar containing a solution of 97% aminopropyl trimethoxysilane (1 ml), DI water (1 ml), and high-purity methanol (24 ml) and sonicated for 30 min. The temperature of water increased from 25°C to 30°C during sonication. The slides were then washed twice with methanol, followed by water, and then dried under a stream of nitrogen. The slides were baked at 135°C for 20 min before activation. Slide activation. The amine-functionalized glass slides were reacted for 2 h with 50 mg of 1,4-phenylenediisothiocyanate in 25 ml of a 10% solution of anhydrous pyridine in dimethylformamide. The slides were subsequently washed with dimethylformamide and dichloromethane before drying under a stream of nitrogen. Probe immobilization. The PNA probe was dissolved (1-methylpyrrolidinone:H 2 O ϭ 1:2) and then diluted to a concentration of 5 ϫ 10 Ϫ5 M in 50 mM Na 2 CO 3 and NaHCO 3 buffer (pH 9.0). Spotting was accomplished by using 1-l aliquots from a standard micropipette. Binding of amino-functionalized PNA to the surface was performed over a period of 3 h at 37°C inside a humid chamber containing a saturated NaCl solution. After probe immobilization, the arrays can be used immediately or stored under dry, dark conditions at room temperature. The Scheme 1. Use of CCPs for the detection of PNA͞DNA hybridization. The CCP is orange, the PNA-C* is black, the noncomplementary ssDNA is green, and the complementary ssDNA is red. washing steps after immobilization, however, should not be carried out until immediately before hybridization. Washing and blocking. After spotting, the PNA probes the slides were rinsed with DI water and methanol. The surface was deactivated with a solution made of aminoethanol (0.1 ml), diisopropylethylamine (0.65 ml), and dimethylformamide (25 ml) over a period of 2 h. The slides were subsequently washed with dimethylformamide, acetone, and water, and dried with nitrogen. It was important to ensure the slides did not fully dry between washing steps. Target hybridization. Target hybridization was performed in commercially available hybridization chambers (ARRAYIT microarray technology) by using [DNA] ϭ 3 ϫ 10 Ϫ7 M in buffer (50 mM SSC plus 0.1% SDS) at room temperature for 20 min. Posthybridization wash. The slides were washed with in 1ϫ SSC plus 0.1% SDS for 5 min at room temperature, followed by 0.1ϫ SSC plus 0.1% SDS for 5 min at room temperature. The slides were rinsed quickly with DI water and then dried with nitrogen. Polymer loading (for hybridized DNA without a dye modification). The polymer was applied (0.5 l, 5 ϫ 10 Ϫ7 M in repeat units) on top of the immobilized spots, and the slides were then placed in a hybridization chamber for 30 min. The slides were washed with in 1ϫ SSC plus 0.1% SDS for 5 min at room temperature, followed by 0.1ϫ SSC for 1 min at room temperature. The slides were rinsed quickly with DI water and then dried with nitrogen. Fluorescent images were recorded with a molecular imager. Polymer loading (for hybridized DNA with a dye modification). The fluorescence was first measured by using a molecular imager. The polymer was applied (1 l, 4 ϫ 10 Ϫ6 M in repeat units) on top of the immobilized spots, and the slides were then placed under nitrogen until the polymer drop dried. The fluorescence was then measured by using a standard fluorometer with the detection slit fully open. -(2,1,3-benzothiadiazole) ] in 65% yield (30) . Elemental analysis and 1 H and 13 C NMR spectroscopies are consistent with the structure in Scheme 2. Gel permeation chromatography shows a number average molecular mass of 12,000 atomic mass units and a polydispersity index of 1.7, relative to polystyrene standards. In a second step, nucleophilic displacement by using trimethylamine generates the cationic charges on the polymer pendant groups and produces the water-soluble PFBT. Fig. 1 shows the absorption and emission spectra of PFBT in 25 mM phosphate buffer (pH, 7.4) and as a film obtained by casting the polymer from a methanol solution (0.005 M). The absorption spectra of PFBT, both in solution and in the solid, display two well separated bands. The absorption band centered at 330 nm is attributed to the fluorene segments in the polymer, whereas the absorption at 455 nm corresponds to the contribution from the benzothiadiazole units (31) . The photoluminescence spectra for PFBT do not show vibronic structure and display maxima at Ϸ590 nm (28, 32) . PFBT has a quantum yield of 7 Ϯ 1% in water (using fluorescein as a standard). The solid-state quantum yield of PFBT was measured to be 4 Ϯ 1% by using an integrating sphere. Fig. 1 also contains the absorption and emission of a Cy5-labeled PNA (PNA I -Cy5 ϭ 5Ј-Cy5-CAGTCCAGTGATACG-3Ј). Examination of the 300-to 700-nm range shows that only PFBT absorbs at 488 nm, and that there is excellent overlap between the emission of PFBT and the absorption of Cy5, a necessary condition for FRET from PFBT to Cy5.
Results and Discussion
The use of PFBT (3.0 ϫ 10 Ϫ7 M in repeat units) and PNA I -Cy5 ([PNA I -Cy5] ϭ 1 ϫ 10 Ϫ9 M) in the assay shown in Scheme 1 was Scheme 3. Amplification of a PNA (black)͞ssDNA-C* (red) solid-state sensor by polyelectrolytic deposition of the CCP (orange).
Fig. 2.
Photoluminescence spectra of PFBT with hybridized PNAI-Cy5͞ ssDNA Ic (line a) and nonhybridized PNAI-Cy5ϩssDNAIn (line b) in 25 mM phosphate buffer with 5% 1-methyl-pyrrolidinone (excitation wavelength ϭ 460 nm, [PNA I-Cy5] ϭ 1.0 ϫ 10 Ϫ9 M). Residual polymer emission was subtracted for clarity. Fig. 3 . Surface-bound PNA probe structure. tested by using a complementary ssDNA (ssDNA I c ϭ 5Ј-CGTATCACTGGACTG-3Ј) and a noncomplementary ssDNA (ssDNA I n ϭ 5Ј-CAGTCTATCGTCAGT-3Ј). The experimental conditions chosen include use of a 25 mM phosphate buffer (pH, 7.4) with 5% 1-methyl-pyrrolidinone. The small quantity of organic solvent reduces hydrophobic interactions between PNA and PFBT. As shown in Fig. 2 , the addition of PFBT to ssDNA I c͞PNA I -Cy5 and excitation at 460 nm results in intense red emission from the Cy5. For the solution containing ssDNA I n͞PNA I -Cy5, there is no energy transfer under these experimental conditions.
To demonstrate that the light-harvesting properties of PFBT could be incorporated into platforms suitable for microarray technologies, we designed a simplified test structure with PNA probes attached to glass or silica surfaces, as shown in Fig. 3 . The test surface was prepared by a sequence of steps that begins with treatment using 2-aminopropyltrimethoxysilane and subsequent activation with 1,4-phenylenediisothiocyanate. Amine terminated PNA (PNA II ϭ NH 2 -O-O-TCCACGGCATCTCA), where O corresponds to a C 6 H 11 NO 3 linker fragment, was immobilized on the activated surface by taking advantage of well established isothiocyanate͞amine-coupling protocols (33) .
To estimate the ssDNA quantity that the PNA-containing surfaces can capture, they were treated with a dye-labeled ssDNA (ssDNA II c-Cy5 ϭ 5Ј-Cy5-TGAGATGCCGTGGA, [ssDNA II c-Cy5] ϭ 3 ϫ 10 Ϫ7 M) solutions for 30 min at room temperature, followed by washing steps (see Materials and Methods). The resulting quantity of ssDNAc was estimated by measuring the Cy5 fluorescence with a FluoroImager. Comparison of the resulting Cy5 emission intensities against the intensities from a known number of chromophores provided an estimate of 10 12 strands of hybridized ssDNA II c-Cy5 per cm 2 . No Cy5 emission was detected when the surface was treated with the noncomplementary ssDNA II n-Cy5 (ssDNA II n-Cy5 ϭ 5Ј-Cy5-ATCTTGACTGTGTGGGTGCT-3Ј).
Scheme 3 illustrates the anticipated function of the PNA͞CCP assay in the solid state. Treatment of the PNA (in black) containing surface with complementary ssDNA (in red) results in an increase of the surface-negative charge. Addition of the CCP results in binding to the surface. Excitation of the polymer results in FRET to the reporter dye. When noncomplementary DNA is used (data not shown), the reporter dye is not incorporated onto the surface. The purpose of Scheme 3 is to show the molecular components on the surface and the main recognition͞electrostatic events in the sensor operation. Scheme 3 should not be used to imply molecular orientations relative to the surface or PNA͞CCP stoichiometry. Fig. 4 shows the Cy5 emission measured with a standard fluorometer from posthybridization PNA͞DNA substrates after addition of PFBT (1l, [PFBT] ϭ 4 ϫ 10 Ϫ6 M in repeat units). Cy5 emission is clearly detected from the ssDNA II c-Cy5͞PNA II ͞PFBT surface (a), whereas none is observed from the ssDNA II n-Cy5͞ PNA II ͞PFBT substrate (b). That Cy5 emission is only observed in ssDNAIIc-Cy5͞PNAII͞PFBT surface reflects PNA͞DNA selectivity. The additional sensitivity afforded by the addition of PFBT can be established by excitation of the ssDNAc-Cy5͞PNA͞PFBT surface at 470 nm (PFBT absorption) and at 645 nm (Cy5 absorption maximum). More than 1 order of magnitude amplification of the dye emission intensity is observed. These results confirm the operation of the sensor as illustrated in Scheme 3.
Based on the fact that PFBT can be excited at 488 nm and that its solid-state emission can easily be detected with a commercial FluoroImager, it occurred to us that it could be possible to design a solid-state assay that did not require labeled ssDNA. The overall process is illustrated in Scheme 4. Hybridization of ssDNA to the PNA surface (Scheme 4a) results in a negatively charged surface (Scheme 4b). Because of electrostatic attraction, the addition of the CCP, followed by washing, should result in preferential adsorption on sites containing complementary ssDNA (Scheme 4c). After workup, polymer emission indicates that the ssDNA is complementary to the PNA sequence. The overall selectivity of Scheme 4 relies on the successful removal of CCP from nonhybridized PNA surfaces. Fig. 5 shows the integrated PFBT emission from 1-mm 2 PNA II surfaces treated according to Scheme 4. The polymer was deposited by addition of 0.5 l of a 5 ϫ 10 Ϫ7 M solution and was allowed to stand in a hybridization chamber for 30 min at room temperature. Washing was accomplished by using 1 ϫSSC plus 0.1% SDS solution, followed by 0.1ϫ SSC. When placed inside a FluoroImager, one can observe that the PFBT emission from the PNA II ͞ssDNA II c surfaces is approximately five times more intense than the emission from the PNA II ͞ssDNA II n areas. Exposing the surfaces to more concentrated PFBT solutions results in more intense emission signals but poorer selectivity. The data in Fig. 5 demonstrate that it is possible to detect the presence of 10 10 ssDNA strands that are complementary to the surface PNA sequence, without need to label the target species.
In summary, the unique structural and optical properties of PFBT have allowed us to extend the PNA͞DNA sensory method previously demonstrated for CCPs in solution to solid platforms that can be easily incorporated into widely used DNA microarray readers. The demonstration of label-free detection, by using changes in surface charge upon hybridization, followed by electrostatic adsorption of the CCP, as shown in Scheme 4, may provide for a substantial simplification of DNA detection methods that currently require labeling of either the probe or the target. 
Fig. 5.
Comparison of PFBT intensity after 0.5 l polymer addition to PNA II͞ssDNAIIc (a) and PNAII͞ssDNAIIn surfaces (b), followed by washing. The initial PFBT concentration is 5 ϫ 10 Ϫ7 M.
